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ABSTBACT

Studies of cosmic ray muons have been made with a spectrograph comprising

a solid iron sagne'. Geiger counters and neon flash-tubes. The characteris-

tics of the instrument are described,

Time variations in the vertical lirection have vi een scadied and are

attributed to variations cf meterolr gics-. parjet*ýrs,

Momentum spectra have been meks,,.red in the range 2 - 500 0eV/c for

zenith angles between 77.5 ard 9C, .. The results are interpreted as showing

that most muons in this rarge,.re frrt pions; aa uper limit of 0-55 is placed

on the K/s ratio for proton-air nucleas collision: of 700 - 30,000 GeV.

The positive-negative ratios co:nf irm a near constant value of 1,2 over

the range 4 muon energies 10 - 200 GeV; t4 likely explanation is that there

is an increase in the flucttmtiors of mult iplicity in high energy collisios.
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1. T-WIOUCTION

The Cosmic Pay Grou pf the Deptrt+ment of Physics, Durham Colleges,

1.9 undertaking a progra•me of rest&.-& c'mcerned mainly with mssaeremnts

on the muou c nponent of the cosmic radiation at Dmrhain Th date the

measurements havf included the interactions of muons in local abasrbers,

tbe momentum spectrum of muons as a fu'n-t:cn of zenith angle and the time

v-ariations of low momentum muons in the vertical ddrectiona AsxOCiated

studies have included the momentum spectra of near-vertical protona and

pionso

That peet of the work supported Ly the European Office, Aerospace Research,

USAF, comzprises the variations rf °Ghe mann flux with respect to tim and

zetitbh angle. AcccrdinlJy, this report deals mainly with these studies

but reference will l.e nmie Lo the associated studies mbere this is necessary.

Muchb cf the early work has been described in lechaical Notes (Roe.

I to 4 and will not be repeated In detail, Insta-ed, attention vi.i be

given to the more important aspects of the techniques developed *Ad the

results of the later w,".k,

The work carried out falls natrmaly into four stages, as follws:.

Stage Tke Solid IrnMge

Me magnetic lens technique used by early workers In cosmic rays

was ejined and from it vas evolved a device, the solid iron magnet,

which coumld be used to deflect cosmic ray munme in a maml def ined isamr.

A progrmne of research was initiated in which experil.nats an model

uM ts were carried out by col.1gues at Nottlxbsa Uniyver#y sad the

' :'I



College of Advanced Technoloay Brighton and design studies were made at

Durham Eventualiy a full scale magnet vs constructed at Durim= and Its

characteristics were studied in detail. This work has been described by

Cthe Senior Investigator and his colleegue (O'Connor and Wolfendale, 1960).

In view of the imrportance of the technique, (.;.veral other solid iron magnets

have since been constracted by Ather groups) a brief description of the

earlier work is given, in Chapcr 2, in addition to more recent work*

S1-.int Var iati-ne c•" the Vertical NMuon Flux

A spectrograph wao c,)n.itruc-..ed embodying the solid iron mag%•ewith

Geiger counters an detect-ýrs, and the variation of the muon flux with time

vs studied for vari•ms manwatum bands. A description has been given In

Technical Notes 1 sad 2 axoA a brief suiary is given in Chapter 3o

r M *e'i Low Momentum §2ectrai at a Zenith Angle of

The Geiger counter spectrog•aph as tured on its side and measure-

meW a were made of the momentum spectrum and charge ratio in the range

1.5 to 10 0eV/c for zenith angles close to 80 * The results ,f this work

vere reported briefly at the I(yoto Conference on Cosmic 1eys (Aehton and

Wolfendale, 1962) and a more extended account by the serns authors is in tan

'" ]"press. A detailed accoiait is given in this report in Chapters i4 and To

fteJ lbe Momntum Mpctrum in the Zenith AnaJU ban. 0.90

More recently, the spectrograph has been considerably Improved by

(i the addition of neon flash-tubes and the gecastrical fLrn~snt has been

chmngd so that a range of large senith angles is covered. 2e resaltig

instrument has potentialities for studies of the interactlws ot musm In

detectces placed at the output end ct the 'machine' and a consideration t

this aspect Is Slvoei in Chpter
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The resulte ct preliminary experiments on the mmentum spectr,- and

charge ratio exe given :tb Chapter 6 vhere some discussion Is also made of

accapinied eveZn•s,.

The interprexuation ,A tkhe re.sa1ti% on t4e inclined spectrum measure-

menti47 in terc x te iture ,f the ptrticles whose decay gi-es rise to

the muon flux, is given in Qhapter ',?

1. 2 Stff a- oy-"n the cont:zact
Sciontjfic Staff

Senior Inve .gAgtor Dr. A.W,, Wofendale, from start ot Contract,

January 1 2.958)

Investigator: Dr,. F. von, from October 1, 1960,

Iesearch Students, O'Connor, July 1958 - September 196W.

Jo.J3. Yattison, from October 1, 1961.

#,Ir addition graduate students hbie been

employed for short periods during vacations).

Technical Staff

Junior 1bcbnicianse: K. Richards, February 1958 - July 1958.

it. Anderson, August 1958 - Sept-embor li'60.

P.J. Finley, from October 1961.

1.3 Objectives of the Research

The objectives have been to derive nformtian about the cause at tIe

variations at the vertical muon flux as a functiaon of maomUt, od to

study the characteristics of high eneray nuclear interactions thru& a

comparisoc of momentum spectra and chare ratios in the vertical vnA

inclined directions.
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"3. I Ttroducticn

A variety of tachniques irs available for determining the mccenta (or

eaerkiev) of icnizi' ptrticles Lut of these the most widely used is that af

magnetic deflexion. 'Me nost cconiun arrangement is to deflect the particles

in the air gap of &2 eleAtroge.et6 in the early cosmic ray experiments cloud

.ahwurers were used t determine tha particle trajectories but more recently

electrical de ector3, zainly Geiger counters and neon flash-tubes, have been

ado(ted, with a con3ciquant increasn i: the efficiency with which the field

volxme -.s used. Witu the increasiLg emphasis on higher intensitiessad higher

d.per limits to mc'u.ntum determirntions, the size of magnet needed has

increased. A further increase by an ordtr of magnitude is almost, out of the

question• th conventicnal ma-;hods eand scome other approach is necessary.

If attention is confined to non-interacting particles, in particular to

mumy, the immediate possibility arises of deflecting the particles in mag-

Lwtised iron as distinct from thE air grp of an air-cored magnet. With a

magnotised iron system ('solid iron' magnet) the magnet can be of simple

:form andt can ba higbly elfficiento Zbus. hi.gh inductions and large volumes

can be achieved for low powers of excitation.

Although the probability of a muon suffering a large deflexion through

it short-range interaction with nuclei is small, there will be a finite

deflexion in a thick absorber reEulting from multiple Coulomb scattering.

hia results in a limit being set Iko the accuracy with which the mmue.ttum of

a single particle way be determined. Although the r.m s. angle of scattering

increases with length of trajectory, L, as L*, the magnetic deflection increases

at a faster rate, a7U, and the frL.ctior*J. error in momentum determination falls

I



acctrdingly as .' n practice, then, L is made as large as possibleo

The use of magnetised iron for deflecttng cosmic ray iarticles is not

a new idea; Rtossi (1931, B-rradini et aL (1945) and Conversi etal. (1945)

have all used magnetic lermses for partial separatiun of positive and nega-

tive mesons, but the present w.crk appeare t•> be the first to develop the

technique for the precise determinatim of particle m,aenta,

a- 2 Ile Deci g z te a~pt

The design of the full-scale manet used at Durham was mainly the

result of theoretical studies; the mrndel experiments, which were carried

out at the sme time as those tn the fudllscale magnets were carried out

mainly ti give measuremerta ohich could notbe made on the fultl-scale

ma net,

The linear dimensions chosen were the result of a compromise between

the conditions for high signal to neise ratio) large cllecting power and

tolerable cost. %he height chosen for the umagnet me 25 in., for which

the theoretical signal to noise ratio is 3. 74 at an excitation current of

16 A, the magnetic deflexion is 1.°68 for a particle ut momentum 10 GeVic

and the momentui loss in penetrating the iron is 0.89 GeV/co

The manet consists of 50 horisontal laminations, of nominal thickness

0.5 in., and weight 4,-2 cvt per plate. A diagmamatic view is shown in

Fig,, 21 (,-e maset is there shown in the position for deflecting vertical

particles ),,

the cnstitution f the iron is shown in Tble &LI

Coils Vorae voa on two sides at the nmaet (B and C ct PI& 2.1); in

the first sn's net, used for m _eent of the field distrlbation, the



Table 2.1 Cbmimca(1 t Ort irfln 'uýedr Me Me

ziement c s f, Mn sI Cx II c

~by weight 0O7 ý026 01. 3~6 ,OI 021. -1 "20

1,. xAaent sn C.) A's V A! .- F

dby weight 026 0O17 0~5 1 ,O.-. 038 015 rmaiader

(,S,-Ss 2& ;-,art 6, spwcý 8Y
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coils we-:re itp1it to *zwb1'- Itcto-ci wires to I~e i.ýaerteu. at~ th~e centre of'

the d2'eflctP2ng v)pl.* jit zV :r- vecýr~t app1licution -.be coil's are cona-

tinuous, 1ile c .!21s ciIat.s-tt )1 .1) VraC 14! 8 i( G. eipr vire oni each yok~e,

tte 1tota7. "f~ic a6 ,, ' ~~ elrg S_25) A,ý ax.d t4ie ae4S-

!Z4Ut.~lCt ~5 t ho' 1a i. - t. a s t up tat .bke prese it

AT~T'er,. ISIAý'V;iPI-J, d I , s n8iz reict Lif ir anid a reversing

gi'it~ch te, Ifc * C' i:~ F-. L

Iiisu:1j3I*d V/tý -ýO i-:r !I le-r 3~c5P1I - Z~ g,,.. flve plates

(nig. t t,: Jrt '-.i r v vr;riat.'onCfl Lýi fr'-n oane gr utp

&f N.ate-, t'r. VC t1.0e! D WThz-t I':' -d ih-. 1ýt ad~rITi8'I 31] successive

measi~zementfi, n~erýý m~sd! ;i u ., a*, i ~ uxwPVt'- and carient re-ersal.

The ~ee~ IuOucticd : ~ Y 'd~i~ing by the

area and the rese.nItF P-re viu V. l g 2. '? kAhoigh znot of practical

Imp~rtancey t~ir- 'a 1% nr~bc s .L~c.id&iL vsiriat~i" , "Jr isý tit~eresting to

lvote that 8, skiaI;.e irC -1 -2i-2iough nil. ae' -4&8J fia.ot:nd by Bennett and

Nash ir. tihe-r ;:i2Ic F:> ~ or- - : 5.- The -)rtg:ýix of Lhis variatio.i

is naot known.

The variat~i'n (-f & , )ver '.he w4iJe raagnetq wit~h rer~pect to excitationl

current and porsliA)n o~r 7hp; t i 11-c vsa1 f, un very simply fromn measiarenents

with a single mearcb-. <ii. wrao,ý-4- ý.4n.,4xd the iabcle of the si'de0 fte neasure-

mealts with 'the first a-rti:iIw n"- 11 Pix~Fgs, 2o 1 and 2. 2, mhere the

mean va~ of B Is pit~,L it4 qear tjhd. Me va~riatimfl over the area

occupied by tve cr'UB Ist~~~ fnJ
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2iic) enablet; -he ituajý_lty ol{ the mag~ae~tc ý.ndictlon to chaa~eg

Ixc I wttion boi .,ttij# cbhŽ resu ltqL val ie f'or the ratio of' the ±fxtc-

tio;v~al chax4,e :'Lz in~uttOc. t.).hat ia ':u!.t IS0 (0)s 1~76 at an

-vi. Na_!,b k1" 6) vith ý-i2arnt ý, thn prere-iý 5&tileý ha6 been in the pred.ictions

~e .5ýb r'O '; `b1' ¾ i, L. aOt n ,ec cno (-f ý,he i3aonetr !UM.cessi;)le in the

~ ~Utt ;~.~J ~'~o ~t~rii~2~ai~in 2.712$ iwtere some of the

rr~sj ~ t. urxty. alzc :,hovfi FI&Z, 2ý(c) shows the leakLe aweu

o-ia,- the -,vi-hcc auw *oairi the lL1~sat-to the 'useful ret~ion' a~iopted

In 1-hc ;u~ a ese,- Fig. 2,%1b)). F4. 20 (d.) sh-w tatasvu.

Oe e.-ev~d vrhxiBsO;ix i_- Lln4ctiori f'Aram Lroup ýc Croup diminish as the

The rioq iurta.at -o' UtJ rrea;;uxreent.- conzcerns t~he variation in iadtxe-

t,,,n Li-cit po'L to 2oint in Uie urectioyi 0y. These m~easuremaent~s vere macke

(v wihi wha~t wa. e4, Clt i3ily a two-d.imrensional model , a zect ion of thickness

0 3 in~aiau Iiinear diiie-osi~ons as shown in Fig. 2.4ý The colsa contained.

5-10 turnL;. Search colls; wre located in fine holes) as shown The iesults

( (jive the varia~tion of jBdzý with y and. show that over the reigion s~pid

the useful reetion in .he l'ull-scale magnetj, which corresponl.L to the ro~olon

AC r#aflecteai abou' A (in Fig. 2.4)#) the variation is toleraole,

'The net result of a&l the m~stazewmts is that the xi* 6.*w.1*

j'U~ for vte1 xJeototies over ae*O~eo h
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*&e f '~jt iU'.k Ii6 vaviýý.rion caný, a: wlth taie scattieri, e r~-or

ll ~1oviz ior if o.rv 9,:(ur ~twEov~ e'w as to 1)e rnde.

Ai; ha., been pcinx out i ~he ruazine~l has been re-assemb:Led an!

i~a- mv,-vw; Tbei., uýeJ. to istu,; hor i.ontL rneusaremeift&. A ps.3rticuiarly

( pre:Ac, sv;t of miea.:~rameiitz oC' B2A over the -whole mswc;leý. has been made an-,i

thie r-ezuts ar'e slhown in Fig, 2 5, Thesie measarernits were maaje lbj two

in~s~ec~ Corrections al-Ppiie- ýor the finite tin~e m? Jaecay of the

Aaý;rei~efltL: iha-v rLco "Ien) -ate ot Ihe ripple in 'the excitation .urreut,

:&ii uorznai -:T-rsa-Lon; the r~sm rt.e: is M ,~Te Lorre.aponliniL, varia-

0iai nut~l .. J6;
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3o TIM VARIATIZONS (F THE VERTICAL WOMN FLUX

3o1 Introduction

3.1•. Historical Introduction

Exhaustive review papers on Jae flux variaLions in general have appeared

(Ellio;, i152; Sarabhai and 1.!rurkar, 1 56; Ponnan, ]5',7) and these all show

that the largest variations are due to viriations in the meteorological

parameters. It is these variations that will Le disusseu here.

The existence of a correlation between tke intensity of sea-level coomic

rays and mebtslogical fac tors appears to have been first pointea out by

Myssowsky and Tuvin in 1. 28. These workers fcund that a change in barometric

pressure of 1 mm Hg proaucea a change in inter sity oI 5. 5 *, the changes

oeing in apposiLe Airections. This variation was Lorrectly interpreted as

being due co the increased absorption ana therefore lower intensity at higher

atmospheric pressure and vica versa at lower pressure.

With the development of cosmic ray ae Le(tors having high counti . rates,

and improvements in the collectin, of meteorological aata, particularly with

regard to regular measurements of upper atmosphere iata with balloons, further

correlations became apparent.

-.102 The Iquation of Duperier

These correlations &an be most conveniently un.Aerstooa from the early

work of Duperier (1914c). Daperier showea, by analysis of the lay to day

changes in the intensity at sea-level, that the changes coulu be correlated

with the following meteorological factors.

1. The barometric pressure - P.

2. The height of the 100 mb level in the atmosphere - H.

3. The average temperature of the atmosphere uetween the 100 mb

---- ---ril-- - - -J(-- - -
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Thus, conisderý ý-htI Cractiora h change in intensity aX/I at sea-level

and tne parameters P, 5 and T, theey ýay 'e related oy the following equaLioan

M 6'ý AH 4 a,,' AT

where Y, & and &r nlresenit the *[_hargee i.n the resp~c'Lve paramater6, the

aI's being their respective ef elea ie. s

Considerin.g the pnys'cal • ir.fiuance of the various parameters it car.

be seen that a. regrescnts , ahe nags absorption effect; an Lacrease in

pressure will caase (c.re lea ener:,y g-mesont ,o be ab3orued by the atmosphere

before they aeach sea-level vwiLk. & corresponding d.ecrease in in-censity.

Ci represents the Lecoa:fX icient, ana may. be ivterýpreei as the chance in

survival probability f.i rc-w f H.ut -_± ,bn.e in height of •he meson formation;

&n increase in H. cauzies more, ýp-mesons to decay into elecr:rons cefore reabhiog

sea-level, thus a4ain the .ntertsiwi• .a1l13. The thiri parameter, azTP is the

positive temperature coefficient :uie to 'he :ompetition between n-p decay and

nuclear capture of the parent r-miesoa near the production level; a rise in

temperature gives a correspondin& fall in densi y aiaconsequently more

n-mesons decay and fýwer interact since the average interaction distance will

increase. At sea-level this will result in an increase in intensity of

p-mesons with increasing temperature of the upper atmosphere.

3-.i.3 More accurate analyses of the Meteorolo2gical Effects

Many over-simplifications of physical processes involvel have been Made

in deriving che regression formula; for example, p-mesons are not in fact genera-

ted at a unique height but have a probability of generation vhich varies with

height, T and P are not independent etc. In practice thiam'fwoe It is found

that the coefficients are not strictly constant but vary with time, for each

expertiental arrangeaDrt, rtd .1,cocsistencies apelar between the results from



different arrangements,, In particular, widely differing values of % ave

been found by differenL workers, raaging f ram -0,023 + 0.027 to 40@iV3 +

0,024% per °C (Bachelet and Conforto (1956) have summarized the discrepancies)o

Mch more elaborate regression formzlae have in consequence been developed

to take account of these factors, demanding a knowledge of the physical

conditions over the whole of uhe atmosphere instead of at a few selected

points, These treatments have been carried out by a number of authors,

notably Olbert (1953, 1955) and Dorman (1957), and have resul~eu in more

satisfactory agreement between theory and experiment (eo g, the results of

Matthews, 15( •5 A more detailed discussion will be given later°

A further important point that can be considerea here is that the

coefficieats in the simple regress.on formula represent the agg@regate effect

summed over pavtticles haviag ea wide range of momenta; over the whole of the

sea-level momentum spectrum -in fact. Now the theoretical analysis, as

dislsnct from the empirical analysis of Duperier (1945), considers the expected

variations as a function of momentum. Referrirg to the simple regression

formuila we should expect, the coefficients to vary with momentum as follows:

i0 l,. shoald fall with increasing momentum since as the mamentum

rises, the amount lost in traversing the atmosphere (-.2 GeV/c)

becomes less and less important.

2. Gi should fall with increasing momentum because at the higher

momenta the prooabili ;y of p-e decay becomes pro6ressively smaller.

3. 0T should become more Important at high momenta since it Is only

at high momenta (>20 GeV/c) mbere there is significant lose of x-

mesons by interaction rather than .ecaye



3. 1.4 Experimental studies of± chi Variations as a Function of Mmenta

Systematic experimental studies of the intensity variation as a function

of momentum have not been made. Some relevant work has been carried out

however. For example, measurements have been made using counter telescopes

under absorbers so that the data refer to particles having energy greater than

some minimum value, EminI Thus, measurements were carried out during the

International Geophysical Year using counter telescopes at sea-level, with a

thin absorber to i:Lve F ,sa OJ 0, GeV, and at verious depths underground: -5

metres water equivalent• (M W. E. Iý' giving umln 1 6.4 GeV and at 55 MW.E., giving

Emin = 14. 4 GeV. These measurements have showr that there are no gross dis-

crepancies betveen experiment and theory but a more detailed experimental study

of the momentum (or energy) dependence is e.;ill desirable.

3o2 Properties of the S__ectrograph

Tihe general characteristics of the instrument were descriued in an

early report (Sbchnical Report No. 1) and a more detailed account of accurate

momentum determinations was given in a later report (T1echnical Report No- 3).

Briefly, the instrument comprised three trays of geiger couznters mounted

two above and one below a solid iron magnet (Fig- 3,1). Coincidence circuits

selected particles which were confined to a narrow angle of incidence (near

the vertical) and a restricted range of momentum. The configurations of

counters used allocated particles to momentum eategories' for which the

median momenta were as given in Table 3.1.

3. 3 Treatment of -the Eýcvrimental IX: ta

30-.1 7he basic data on De2rticle rates

The number of particles traversing the spectrogzvph vas recorded

automatically every 25 minutes. .he spectrograph was operated for an extended



20.

TABLE 3'.1

CATEGORY Median Mom. in GeVfc. Rate of Particles in cotuts/hr.

111, 72.7

110, 112 5 0 60. 6

Categories 110 and 112 select particles having the sam momentum distribution

but opposite sibns, similarly for categories 220 and 113.

________________
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period on each of the categories (Table 3.1), some 70,000 particles bei

recorded' for category 111 and about 10,l50 particles for each of the other

categories.

The magnet current was monitored using a recording milliameter and

alternate records were obtained with the direction of the magnet current

reversed.

Acheck on the performance of the instrument was carried out by examining

the distribution in the interval of time between successive particles° This

was found to be accurately consistent with a Poisson distribtition, indicating

satisfactory operats.on.

3 3.o 2 The Meteorological Data

The meteorological data used in the analyses was ootained from the

Meteorological Office, who publish data found from radiosonde observations

from a number of stations in Britain. The nearest station to Durham is

Leuchars, some 120 miles to the north.

Before the data obtained from Leuchars could be used, however, it vs

necessary to study the effect that this distance would have on the accuracy

of the data, as applied to Durham. Ib enable this to be doe the data from

3 Meteorological Stations was studied and compared; Leuchars, Beasby about

130 miles south-vest of Durham, and Aughton about the same Astence to the

south-east. Thus Durham lies roughly equidistant from these 3 stations, in

the centre of the triangle formed by them.

A close study of the data from the 3 stations, carried out over a period

of days, and including the variations of temperature a& pressure levels u

through the atmosphere, revealed little significant chafte from station to

station; thus it v concluded that for the present study the data obtained
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from leuchars was satisfactor, &.0d Lhat a detailed st,14 of the variation

in intensity of ,,sr4n-eSoAS with the atmospheric parameters could be carried

out,

The meteorological da-;a e:--:rac:te~d for use In the analysis comprised

the following:

(ii the sea level pressure

(ii) the heights of the 100 mo asid 150 mb levels

(J ii the atmospheric temperataree at sea level and at the

500 mrt, 200 mb, 1350 mi and 100 Pm levels.

The rate of particles vras found for 4 -hourly periois and was plotted

against time, along with tha meteox-olo6ical parameters given above.

3ý %h•ie ResulIts on Correlatioa with Pmressure Chn!!es

5, 4. 1 The single correlat ion treatment

The results of the simpl 'fled analysis, in which the correlation between

intensity and pressure alone. uss studieds, were described in detail in

Tiechnical Report No1 I. The result was that the form of the variation of

-de pressure cefficient with monentum was similar to that expected but that

ts manitade was sone 70A higher -,han expectation.,

3A.2 ohe correlation treatment of Dormag

As as mentioned in@. 1o a couprehensive treatment of the correlation

problem has been given by Darman (1957). 2his author has pointed out that the

atmoepric oemperature is intimately connected with the barometric pressure.

Thus, most ct the troposphere is Lasualy wmusr wider high pressure and colder

at low pressure; in both cases the result is an enhanced variation in Cosmic

ray intensity and an apparent increase in the pressure coefficient.



Following Dorman, the effect af temperature variations (at constant

pressure) canbe considered as follows: The relative variation in the
5N

intensity of p-mesons, y due. to vsriations in air temperature 5T(h) in

the region from the top of the atnosphere t.o the level of observation, ho,

may be represented in the form

h

5 FUM1 WT~(b J bT-(hhlh.

where WT(h) is a function indicating the role of the various layers of air

in the production of the temperature effect on a 10 C variation in the air

temperature. WT(b) therefore represents the 'density' of the temperature

coefficienco

Dorman shows that W (h) varies strongly with the level of observation,

ho, the n-meson production spectrum and the minimum energy of recorded p-

mesons &c

It is now necessary to find the value of this integral for the periods

of time for which data for each pressure range were accumulated and to

correct each inteasity0 The result will then be a corrected mean intensity

for each pressure range, from which the corrected pressure coefficient may

be found directly.

The variation of WT(h) with h was calculated by Dorman for A a 0.4,

6.14 and V64 oeV, with the result shown in Fig. 3o2. For the present work

the variation is required for other values of at and &he equivalent inimam

values for each of the momentum categories are given as follows:

2.0 GeV for categories U3• and 20,

2.3• GeV for categories 112 and 110,

and 3.5 0eV for category Ul.
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Vailues of wt( ,in were 1'oaanl Ay _t ;iv-,ior ou it praph of- W t(h) agaiast&

with Ih as .paraxeter anL the ltsis' Wre aisc. saown In Fig, 3.2.

The integral ca~c ,e v or t; ficiazt, aecuracj, as

3 :j

wh ere &Sh i 0 at:Tosrhere 1d . T Jt J.I± tIl e•e'nce iD -emerature of the layer

(h) from ics raean vslue- Ap, r i ,,. s to tbe present experiment twas computed

from the meteorologjcal tt:a .crpolatiau : the temperature value• where

necessary, for each categor.. The tterslties were then plottecL against {for

narrow bands (if presouxce. .!, rigr-g•. - values of cher taker, and the mean

intensity was plotcec, a,,av.• Jor each pretisure oand. 'these curves were

then normalizei to the ýoare mran ,7 iue Lo kive a master curve af 'mean'

intensity against for each MteL.,'-T-J

It. was found that the :re-.•it Ln-b 'curve', composed of normalized inten-

sities, showed large fluctuatiorz '1,om one value of •to the next., In many

cases the fluctuat-ola r rc reatv" than couli LDe accounted for by statistical

errors sad iL was not possible to verify the predicted variation of

However, an aprproxim.te correcto*.i presisre coefficient was cmputed for

each category, as follows. The data referred to above, on the range of

value of for each pressure band, was taken and the intensities were normalized

so that intensity was the same for each band of The mean of these corrected

intensities was then taken for each pressure bani an-i plotted against pressure

and the 'corrected' coefficient determined. This method is not exact, but is

thought to be more accurate than the first approximation. Essentially, It

assumes that the temperature effects have the form predicted by Dorman but

that the magnitude iwy be odfferemn The reaulting values of ap which ohm
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rather large errors, are given in pig. 3.3. It Vill be seen that they are

systematically below the tbekretical curve.

It is "vassuring to see that this treatment, Vhich would be expected

to give an underestimate, does in fact give low values, uderess, the simple

method, as expected, gives high values. It is perhaps fortuitous that an

average Co the two sets af values is very Close to the expected curve.

It must be co-icluded from these experiments of zather low statistical

accuracy thattwre is no evidence in favour of any great discmrpancy betueen

the experimental and theoretical values of the pressure coefficient of

p-mesous at pround level in the momentum range 2 - 10 GeV/co



4 THE MOMENTUMiA SPECTRUM4 AT &80 TO TiI_ ZENITH

4_ 1 Introduction

Cosmic rays qhiuh arrive at larte zen-.th angles (the term 'zenith angle'

wiJl be used rhrou&.houI. to .neau ang2.ý 'iih the vertical) at sea level are of

in:tzreot for two reasons; firtAL:,, because they give ii'foina~ion about the parent

particles Jroct which they are ieriied.; and seconl2<, becýause they consist mainly

O.I' JLuOfns of very high a-erage enert jes.

,M!as.ur.ament.: of the interirity oi part'.c es at iar(.,e zenith angles have been

xt•de :'r Jakemtrn l9-):u ,ýLq $?;oL )) and Sheldon and Duller (1962) but the only

picvious tetermiiation., of uomen •m op-ctrr are the experiments of Moroney and

Przry ',l54), Pak et, al, (16i.) and Allen e.na Apostolakis (1c61).

In the experinenL -o be *_escr4..Le. a magnetic spectrograph, ccmprising che

"solid iron" magnet with counter rseoruing; has been operatea at Durham (200 ft.

above sea-level) aid the momentum w -2s •;rum of muons incident at a zenith angle

of 60%8' .-•_ I°40' ha,, been measure, intne r.nLe 1.5 - 40 GeV/c.

4, 2 The Spectrograph

The apparatus (1Fig. 4. 1i ýonsi:tea of 3 trays of Geiger counters, A, B

and C and the magnet. Each tray containe-i 8 counters, each of sensitive length

60 cm and internal diameter 3.3 cm, and an assembly of' three-fold coincidence

circuits permitted "parallel" telescopes to be selecteu. Particles were accepted

with zenith angles between 81048, and 78028', the axis of the apparatus pointing in

a direction 55036' east of magnetic north. The opening angle of the telescopes

projected on to a horizontal plane was 2°,0
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Mften-,ive aL iz wke-ýre j p.c ~ requp rzir, t~at oanýy mre oitrI

thc1 -i tru,,,. A, bi ::w_ J;~~ i~carre-iý. Th alJ.( ,IW-.,LatL, ;.h

'ho:ýbce ý.lci wh !,-i 1',er' ;cpc c~ Qer w-i,"ZL f or' vh't( pro-

~ .ut: traj o' tieom fla.,h-wu:e4 close ýo xbAe

~~ t .Ii_; :atý. wiz fowl.,~ e! :Uý4. U*'n(, -~~K.i ate' vith trar.,1.

11he t;I;-vf t I~ raL'., L. te n~a j ,t ýjc rounW ra ýe:, were

~ ~s'tc'jofhý t~pe,ý A 13 C cbeaniwl&, A B3 C (7 chanrvel$ý

A B3 C (6_haie_! a z A ýi (5 chctalels;1 for ca(h .ilrect ion &f L.he wIL4isnt V

induc~tion, and.. the rescL~it.. ue ý.iven in ta'-1e 4.1;H udIC refer to ýbe IX1eid

,tre..:i~onn ....y lwtiLh pt., LI'ic-.: ,-al rnejýtive ~~wo-re selecte"'.L

A relaxacicn methcKI i: Sý_ LO derive t~he forz oiV th~e riontum cpec trmi

Cyf rom the mezr" rates3, that io, imnil.ent szpectre are a8in...an_ the ex,*:*tAeI

'ates Ca.. (1&'-%ed n, C cfuEar A w Lh 6)oervatJon,~ The m~in proý.1em ia to e'-

r.,izia ý.ie trmjec.torl of a 2artic-le whlich loces ei~rwra a~nd is 6ubt~ 'c, t' t.,ý CouI~@

C aztteriuC as it passes throaftJ u~am tized Iron.

4 1e2-ry of U ,e C*=mAb

11.- S



31-..

I I

Ii

It

/

I I

I~ C



Wa)1e 4ý1 Tile -'a.rtfC10ate;-

Conf iLuXrLtion i.2v, No. caý1 Rete. of :5Ifl~le partic2-.eG
of voun..ers f iel- 'haniae-Is for. all cha.nnels, ,:orrec-

H 2.85 + -15

AB 3

H +.3 + -(,7

-1-17 + .02c

*Bckwoi .. a 05 + we-5(

AI3C
1 1XV

W 5 4

.80. ,)?



~i~enturi io,:ý3 ýei uni! zttb- ',v7, iji -,We i'ron Sn e c~onstant over shie

For most ca~es Vj: aiut:e~t thu, e.A3: '12~ Amu nrwmal are snall ux,. die

,,oltttjons f-.r 3L 3gaiar lelexkirn R tbe eic~ec,;~ at. tbe po-Int ýX

emeri~ence fr'vai die i'iAet c

I/

Hence fv rm 4. 1n w hýu 4. 2 -4$ a:riy , a dtetectir' level a

d0zanse 1(>1) f raL At f 0 X, o-, the- iig (176- 4~.2) is

4.4.2 T'he Seatterie~~t

The rywai zquare. projaQ tLt~i a~i~,e ef :_anter, 'i 8>puf,~ereJ b~y apa~rtl.Lle

of Mawntw.i p - Cx ia traralliu2o be;.een x an.ý x A Ix f'rom '.he f ront~ of the

magnet Is given zo SUTSIM awc=:ýy& the equatia-o11

00

Th ensquaxe projŽe iuej Wj~cmzj <y h eeU

for fr.1, i '~ Aven b;r

,a Q M--4 ý!S AQW"WO~ -1 Aga- 4A-
-a~-, XV-MoM ~ ~ ~- ~ 4-
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w;-11, 1)e not~el I-iivt ýd -,he re c2:l to tine fa~milkvr ones "or a =O.o

The men e~ti reYr pe~r Lz::ýt path.1nr in iron ha<3 :eea e~atuate,1

~ ~ain~~c~ia; :o~ Li> ~~,i~:to tlhs. 4heore.'-caJ. iomfla for the rate

of encxiZ io )f tauj. , r im.. r: U;ý- AýJtor, (1161) and .c gi~ven, as a

f in&-,;on ofý nuori -e:`: Iil- F4 h .Uatio~az 4f.3 amL J4A0 have been

ar'e .iver, iii f' 4 4 4. j tb, ura U-e ~ .~ai ~~c~nA, due 'to

moz~neLic ueflexion an tVe r,u-. <i -&j~'f che projec tea. eatteritzk 144.splace-

ment auout the sjsteuat cý.

4 5,1 !hie m~ethqU & -zqcuisLi;utlP

Li thi; section a.ttect~in ( tbrected onliy to the case of Vions bellu'

the source af nwuoab, the effect.. 0C kaoza. an-I other particles3 axe consiiwret.l

later, in a7

The methcKI adopice &.is to uzze the vertical imLLu spectrmi as asUckb

layman and Wolfeniale (1962', wd. f ro V. it o ;e termine the mitim prodiuct1ioa

sectr=a and frm it, the pion pmrO uIi: on jpectru4. Mw adopted pi.Oz jrodw-

~Z 6

;2,-



I

3�.

*1 *1 r -- �1-��� C-.
a

[1\ � I 3o C
* i

* S I

I * �1'�'
I, e

V I A
I i I

1- I\ -4
I I �, 0

L Ix I I -IF * 4
* I �r1

I I
* I I. �le,4

* * I I

- � 9
I -

E
'4,

� i 0

C, - -



t~Fa

J1 1 14 LA

-7-

X4; 2.7

4'



17.

4 ,5.2 The 5°ru aoerm at 800 to the zenith at sea level

The muon, prodctcion-spectrum, M4 (8 0 v

has been taken a, the startinL point wax corre-ctio=n have been applieu. for

enerUv 3o.ýs aud as.-• e isin6 the da.ta civen in Appendix 2, to gei- the

expecte,- muon ,pet.; irum a. z'ea level. At low xormenta corrections have also

been applied for scatterinL in the atmosphere and the effect of fecmagnetic

deflexion, the latter correction arising Jeae the axis of the ap•Ve•atus

was at an angle to the xgictic ',ieri,-Ian, Ie 1erti!al co~ponenc cL the

earth? fieL. affects both positive and negative muon3 equally Luut the hori-

zontal zcmpotient causes inaativc rnuouz of a Liven romentun at sea level to

have a lower mzomentum- at proluc-ion bit greater survival probability than

poaitive muons oEV the same 'tt~entunm The effect of this is to introluce a

neGative excess of low momentua muonz.. (see a 4.6).

The corrected spectrum iL given in Fig. 4.5• his spectrum has been used

as a trial spectruta and the exl.cted rate of events has been determined! fo£0

each of rhe counter chan els of the spectrograph. The calcu.l1tions have maue

use of the Jata in F 4j, 1k . t•3 -owver'6 the mnoentu•t cpectrum into a deflexion

spectrum anti allovance has been made for the effect of scattering in the irom

( anI the variation in rate of particles of a given mumentum over the acceptanwe

angle of the apparatus. The experimental points, also shown in Fig.b4 are

plotted at the medi.A momenta of the counter chsamnls and the orJ'inates bur t]

same relation to the predicted spectrum as 10 the measured rates io the mde3•ct

""A 
..
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14.6 The charge ratio

Thle mditau nmoasft% of n~uoxiz traverel%6~h two 1or Mannm 1u Chn*teIS arm

2- 5 Ge-1/c aA 4-5 eVcre-'Plti vel., si~ng th~e rioentt= jaLpeudeince cf the

poSit1-'e-DneC'aG-vc1 1ra.L"O Ut:~'U & Gil ~ivez P4rt et al. (195A~, anid allovine

for 6eaaLujeti<,, aeffi'I'i! tra sai~w trajectories of posi-Ave anJ. nep-ýtive

..iuonv, -GhrQUa1 the -rt~aozpji4-X2, L-C:x2 ci to fleLatise ratios, for these

( tvo c1hnoelz n, GA:e in C',35 eL The :aeaatiaiied values are 0.68 +

Q. 29 amci 0-75 +0 2 tý iehr. haarlt.. reco.~ Ma~a~ h gh emrgy

x~egti-.e ~i~is~i~ C'hJe iaaiý in t:h .ýou-it~nc rate on. reverclug Lhe V lel .i is

Uxharefcre exipe ,,eC. aL; le, Lit a½~mr (tabia 4. 1).

T Dias.. sion cof teirulc,.

Ixanivtion of figure 4.5 shovs that the measured spectrta is close to

that expected on the basis of a pion source for iýhe ams level mucus. ra tals

respect the results are in good agreement with those of Pak at al. (ij.61) mdi

Allen and Apostolakid (.1961). fte question of the relevace, of this result

to the deteraiuation of the relative abundances of parent particles of various

meas*& Is deferred until af ter the resul~ts at greater 1ncaitio" asive, bees

JAA

-'M A<A0
iý R,

-~M

2
......
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5.1 7he General. A~rrwypent

Diagrazamati vics ol ap- i;- o-raph art Lv~enr in Fig~s. 5. 1 and 5.2

( ~sadi a pho-ocrapix Of Lhe ~>~w~ts shown ac, the 7oatitfspiece. Mhe

spectrofixaph corpri~sa, ;he ;--Q on i wAtXneL st'c traI3~ of Geiger counters

an~i fou~r trays of ranen1at The ('~ir.,r cou~aters utoed are 20th

( ~Century Kiectronic.> ~,r , ~oY r.tlve-1eth '60 cmt aai d~iameter

3.28 cm, Mhe fi ý ubo s ~ c x in iterk,.th anj 1.5 cm in d.iameter.

The ~qaiei~int~ 'c~ ~'i -1,o be accepinet.t art- a tour-4'old coincidenc~e

pu1je AX3D without a Ln i Eor Founters Ih anidF

couwaters are 1ocxJ'ed abo-rE. ~iutand thrc-x fun..;tion is to reduce the

frequency of eventi, iue, to e-.emaiý a.ir ý;hav~rs.

After the coihciJlence a re. swt-Lfie., a high voltage puase

is appliel tLo the flash-,u,-e ~Lu.o and a photc~raph of -the flaahed.

tubee is taken !)y the cam~era tarou,ýh lthe Lnirror :;Ystez1 (Fig.50). The zirrors

are so arrang.ed that the v~axara "~Lo,'z ee5' aU four' treys of flash-tubes.

At the samae time a cycitz4., 31,18ter- i 3 tri~gerel which firstly il1wniv~tes a

clock under ýraMr C aad. two f' iuclaa 1 mrks on each flash tube tray, anid

( ~secondly maoves on the fLilmk

5~.2 The Neon Flash-Tube

fte characteristics of the flash-tubes have been described in detil by q

cozen (1961) oand brief .1- by Coxell et al. (11962). A swaary idi) bo e m

be".

We tiabes contiten 'neon' (560 Net 2%i~ <2CK)VM Ako 0 ,x $0Q

te Obo" 6e , M I is, voo QLC,*8

p -j
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Thle variatio~r of~ nificlenc~y cdl '1~arh~nt_ vi% reepect to the pe~iaceters

oft the elecc.-rica.1 pulsa an.i vthe2r iDporlAnt characteristles are shown iu

Figs. 5'-;)5.5 atil 1,P ' Prom~ tbcse fi <-ree it is seen that the

n~e~tesary cnd:L;Aons 1½r :c.cyaný. x sibility are:

ki le~j uai&Vkzt, -)1all cans-cB co ;.eit. vita ma insibnif icant rate otx

13purivus a 1ah;f Li

(ii) &hort ricre tiil: oFý -,,-c Ecpzjie-ic~p1

(liii) Short dela~y p~r~a 'x >o partf---le anl.L a~ppliczatior of' the

pui.ze

(iv) 'Direct~ion (Apc~;en~ .s ~ib nai~ possiOl. anu-e with

the axe~c' 1X .ýv

Tae zethokI of a.:y -v _~ wil'Jl ýe coiisi'erevI La later

The gecri.-ricr--. ar,ýni(wrn, an f. Yxah~ti..ýes in s. trny is sahom in Fig- 5.6(a).

It Vii be seen thtat ceach Lray roilc±trz of eii,cht layer&r off t~ubesstagg~ereci in

su~ch a. way that a sinjle pexrti~le a&.cated iij. the instrument cannot pass through

a tray without flaehiN; a-. least or4- tube- Electrodes formed by thin aluminiwi

nhects are~ place- ba-iunev :ý.uccessivo 1.a.ver:- a.Z I-bes. The tubes are suapported

in slots milledin In TUfftol' :-quare aection roai (Fig. 5.6(b)) said positioned in

such a ripaaer th~at any~ %,sa.i& bcwir C, v-- te tube '.j in the horizouta1 plane*

A3.1 the taunes are &ccui'at-..ly pramlle tro one ano~her within a troy and the tmy

are aligned (§i5.4I) so thiat all the tu2.bez in the whole ins trwnent ame parallel.

Th. vertical. dlt-Arne oetween al.ijacent tW~e~ is (1.9;5 +0.002.) cm. Ibis

dlwensioA is referrel. to as the 'tube separation or It.a. hoI

distance, betw,-m layers Of tue0viZd$ Vb r.*t~y4W-LZ 8

-Te ,, , ý
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Fig- 5 3(aM. The officitecyp field characnteristicss with gas
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80Ot
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714o 5.3(b) %he oftfolcy, tgwme d*l3y cbhgatorlstles, with SaM
pr..sur. as p•ratr. u= =3T 1- V/c.,

*0.5 &6 1 i 5 a.
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'he.

A svhcoma:ufI ,,v. i':cii in 1't 5,T A a

,2hcad -.9 seen.L;'.~A.LiJJ~,J~l.JI~ .J'4

tbrti a hi(,h vocýc ~ri 3p rat C Kx-n~ yt n t.8 plsec fe

the -orscar -S JI~~it. t,-h 1-v,_ t.1-v vpiahaut ccnie-! masue rt

of tputiu !~'L..criSk .i .,It Ei~±~~ (ESethe (.).~ part-e i

"-6x l'u" per 4 u - 'pul.;c

From a typi';al1 If- ýýo ef Vaki fiiie otm to~ be

7&,Z', Thlis f14i±e and diat 1. r~ir I oC i pr,2u Off Iaesae are in good agree-

m~ent vith the valiue. "-"epor CLIy Oij . fi? or the owr~e corauitions of

applied pulac,

The aligmzent of' the ittu auJ. the uetermiui&t~ion ofi' the C~euwtriml~

cons tants are subjec.- cC ý,3v'at .p and4 a detailed. description 110U

be g! ven.

hoch fl1Ah-tube *ray tis f ittet. ý,ith 4four plates through ie&ich. g.a~l

hole U bored., the plates being in 4daoutICSalpositionw o' 6 h
P'-

C ~ pot.ý oi I~ 77-ý 7 77«
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IC (I th L1 4I IM. I:f a~~i) Y. Cu 0Ž~ rI .1". J. tf" Le ;,o t~aat

a) cotton LtrS z )'.u ~;thck b c;'wctre of the hole in

each on bot;i --t:. e.: un

b~ each tray vasi lii t1~c' ýa'( y>r..ýnAA 1-e -in~e i t~ were Aiorizontl,a

0i apttrcalY 'uxsaý a.X:__.

co~ain~u a .~1L r.'ý.etu#araine" e:se i;; t.,ve)

cotton (or nylo2j fi~: J.' ý'- ~~ . 4) he spec-tros;raph frcm

knI 'ejors at Oe~ch e"U" Ole.~ 1{ý u, oi. tLle ve st,, A catheto-

maeter %rias tben usel to , 'Ž'iý kra:l '1,) iZ ~iOn~i alL pi~at!Ce andc to

measure the vertJýaý. uhsiancý. -;ror, ji c,- i rEcl;~2~ nýn each 1,ray -!to the fitire.

Mhe vertical. !ýepaatioa yr 'xa e,.Isc ý(-!asuredi n th-Ic 'w,. The

horizontal liznensions ',ee t&'3aUcw( U, -.(,c'uretc o3teel tapee.

Coirrecti-ons w~ore ji~ :ýo the '-iei j;cija wa,.eiza'rents f or tbe c.atenary

ef'fect andi all chln vr~a-~ crz, ý.-c!pvt,lq tio other observers. 'The final

adlo'p-eJ. valuer, ar'e Oti"r- in hX5.

Tte relation oetween tta'h ecý:',h'vt 2s the raeasurei! quantities

for a pax-Ucle andJ die rniomentuL,;. of'.y partic.le, csan Le condoidereci by exaauininL

Fie. 5. 6(d). The aignrient. re rei:.-nts Jv the qua~atit~ies a0 , b 0, C,0j

aad the various Va', wid. the iueasum-ieaet., oxý the ph,).oko~phS g56 give

a, bp c and (L A
1V1b mmntuu of the Particle Is p (ely/c) thaon p "0 i,*. tt

f14,1 strng~th in~ ga~s avA p 1 the ralkas of curvatu1x I cu t .;t O . '
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e" V7t'ýe' zýi~ ! ).5,8 gr&PU3s-

nie kief lex-on:on, 1< 4 n~ik . I ra!' the iea;reet in a straightf orward

way.~ Tbur,

j,, Ar. -

in the small angle apcx:f , ~1

rt 1ý; Onvendza to irojut. i .t.n~ iIea-r &tL n. 0 =A ,where

00

Thu3 Ž sact~ito <ei r anae2 &rý.t,? L-ýterminea directly from~ the

mea)jaxe..; 4.antities a7,c t -ýtpP .artcJ

5- 5 TLhet a.ured. Ratte'--; ol')f~

It is asetul :.-o ex,ýain(: ýh? rvqaenc. ie~s of even ;L of 'dit'erent types.

These are as f£ollorw.

Cointidences A.LtGDfi 16ý4 4 1 hr~

Rate of ain~de particle r en 305:rvfeJ on film :7 ~fhf

(These fier-uxes -lemuon ý3tre 4. the Jr Cootribution to the counting rate

(AWCI) f rom extenz~ve air s~'iowers. The overwhelmine, majority of the abomers

com1prise elealrons and ha~ve an akiular disctribution which varies with zonitb

( n~le as cos G(e. g,. Coxell e a., ic a6,'); the nu~iber of muoas lost through

their beinC accairnie4l by shoniers, at -very large zenith ax*;les is eonU.Wredi

r~o be very saazal. Even vi ± the anti-cojlneiience arrangesment, it is faw4 tbxt

aCOoat Me half of the events consist Of extensive air shovew; t~oW00 *

hWve a low densitq and do not triieger the counter trays -it 6" 1.



5, 5 The Meau.uremenL. Tecli)3uc

The quantityo re;-q•irei tor each pc-srticle is the angular deflexion in

the ma.Lneti•. f ý, [.ver, f ha,- !1rea,.q been mentioned (5.54) it is

'i-lore conve:*ieni to. wc,'k with t.C-A- qiial.ity A o A since the measurements then

requirel are dv ,s1:tis a, and d.

Each phho.oiraih i Dproei ý or, Co a ,crean on which is mark4e the

outline of each XLash tube In emach tray toget,.her with the pairs of fiý=Aall

marks.. A cur;,or uz bbeii a u:tei over the iJages corresponding to the

pasLiage oef the ,a.rticLe ;'hrouch a saix1e tray and the best estimate of the

.)obitioni o' -th tr!:ck io r-zde Al.vo iw.Arked on the screen iL a scale, in

,mi~s of• tuoe a t s * ot the centre of the fourth row of flash-tubes

in each 6ray. 7h1 i.rop;:izý valuez of a, i, c and d are read off the scales

The accuraz; Ir. these meesaxarmaents is 0, 35 cm at eacklevel.

57 The BaLic Data

The data under enaiysis were collected over a running time of 169 hours

4 minutes during the perio". 1 July 1962 to 17 August 1)62. In this time same

1288 perticles %'rs re-cot r:s.. phirotogranphically. To obviate any bias intro-

duced : the ex-perireatal arrangement the magnetic field was reversed for

half the runnino t oie. The mean magnet current was 15ý50 A giving a mean

value for the magnetic induction of 15.85 kgmuss.

From the measured Aata, eimnprising a, b, c (.I d for each purtticle,

the displacement A + A and the dliscrepancy, x, (Fi. . 5.t) at the cntM at

the field vere calculateLL Accidental coincidences of epusm twks wM

eliminated by rejecting events with x > 0. 575 t.s. or I& + > •uL t..
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Table 5.3 gives the !tt~iawr :3j' ~A:d~eve~i. 3 for the varIouv momnt=m

and. zenith a~n~te nuW'ts-

A.1thoueb the ac,ýracyr ol' crar-i; resultiný from the simple

observa~ion.- on the project~ec "- ges ir 1w:Tici-et f or paxrticle-s of

C zipa at i v& C lY1aw M wj ý- U k "ID Ge V/ CY a t 'a ýti ~e r m o~e na an imrpmroe

( technique i^- recessa±r,.r -w ,.ive ~ale necessary h-141ber accuracy. Cons~equentl~y,

the fast, peuE~ ~cn-x:p,' anc 2a,ýr rjethioý.. This maethod

involve,44 noio-inL the -co-; itlont of ,he flasbeL. tcu.,ez in each i.rej and putti~ng

this itfor'awýion on ) Ectto Cer (tra.ck :-invatorfý The scales of the

dIU4-raxn are ~dss.Liiacr to Thnpruvre uhe a-cluamcy +'i location (enlarC-ement of

a factor of 2.,i Irl i~ha vext'xý-ýi 2'tectVoa an., ),716 inthe hor~oatal dIrec-

tion). Inforiation usec. iLu t1xis iiethcw,, i~ll no,; in the less precise Methoa,

is the inclination cd' ýhe track aL- each~ tray and the accurate positions of

both the f lashed and urif asbe".LzI s

In order to provide a wide overlap with the projec tor data., all

particles havin L. -4 <o 46 t. aý vers re-aeaswre ..

The moAt sensiti.ve lr. -ica ýIor of the accura<cy vith uhich the mieasure-

meats are nude is the ne-Zaituie o:C the discrepancy, x, at the centre ot the

im&Cztic field. The frequency listri:Lut.Ionks for x for ;he two methoda arte

ShIwZa 14 Fie,, 5. 10. The improvezant in accuracy for the projeotor UUA

shows up asa reduction in the width of the distribution.

Mwb uaoitude of x arises borb frot errors in track lomtcat~ ap. ýb

a~t4 OwMa1Ob 046tte Iing. it a" :be bOhm (0. ~ ý AIM

~~7 FIVý4 IA
t 0 AWOwiw'

~v t
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o. tL tpvti: h naLi'2L .4?te v t -'1.~ x r

tc .u5 . (oU' MI c 3 suI~ UnO!-P 1%ie va4)2PA-e ' ca,ý; troajerop

-~~~p er r, p,~.or~t~

i' 4 4~ C:'I/Tc ior 1,he pr~eckýo wLi~t~or ieýh

Accelerator Ch3rat--r.t-*'Ce of th~e SpectrogrA

(Apart fr~xi mzasurik, the spej -t.ýx of uuon: a~t large zeni th ax*,lea

the. hoxrtzon-A3. specv'ro(.rpb Is ttsjp" W a~-t au a "Source" cc vex7 Zaaý

pc~rici~(i~e. muons) rsotht experniments invectigatixie the .lutczactimz~ of,

( ~~thetse pearticleii vilth ittter can ;e carried ou.It is thu.o neeszrt,

knwtLz iackwatwu aa. opatial-Ust1rii)ut1,on of the em~ergent~ .~tvo.t

over&UL umotenttr 11stribu~toa La eivsA in Table %41, *3 t#i2

PA g

.2.3 ~ 4



Table 5ý The UJverali Mor~veituwi Distribution of Partilese

Mcrientuni lthtal Number Rate
Inte'rval cf par'4!.ef (day-)

-5.8 - 828 16.6c

535-

31~~~~~ - ,- 9 7

5, 21517-4.

Total.1571'

(Q

j ('
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P.'r½'i Till, 'II auk: >-12, idiere .lviaJlon haw

*.,;~~'r~ :c.~~L rac~khi -rdJ positL~ve upwar.i

' ~ ~ ~ I 'cb M.r f-r~ ~z~i ~ e'reac e Lve of tray

rY! -car xt rk m thn ivbo3.

~~ v~ -*'es wi an~je i.,etwveen

~ h~tz:~.. ~ii.rs and '41 The

-ýr umz iictr connIf~tr.t ion r~- in tbe
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Table 5*5 Disri~lbutitio of particles withi exit angle &t D

as a functicn cf position in D

s~oei~on I .y, +4O'47 -1 01 :3 54, :6047v -9*-3.t
D -,-,'54 4~~3 i' 6 47t' -937' .42ý 25xit Angle

(t.u~

o 4 4 34

4 55

8 2 34 66 18

12 -16 22 014 5

16 -2o 214 38 21

20 -24 P 26 -, 1

24 -28 1 3 1 9

28 -32 1 1.9

32 -36 2 5 8

36 -41 1 91

C.7
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6 THE MO.ENM SPECTRUM OF M.ONS IN THE ZEMNI ALE RAME 27.90 -. .0o

6.1 Accetance Characteri stics of the Spectrogra ph

The basic data for the spectrum measurements vere given in §5a The

calculation of the spectra as a function of zenith angle follows the methDsi

outlized in §4, iqeo spectra expected at sea level, on the basis of pions

being the sole parents of muons, are usea to calculate the expected rate of

events as a function of zenith angle and momentum.

The expectecL spectra are given in Fig, 6, 1.

The probability of a particle being accepted by the spectrograph has

beei found. graphically. Me quantity determinei is the 'acceptance function',

measured in units of cm2 sterad; the rate of events recorded then follows as

the -?roduct of the intensity and this function0

The acceptance function can be urritten as the product

A,(pt )o. 1oG.

A(•,0) is the geometrical function determined by the overall size of the0

counter trayE anL. • is the probability of none of the appropriate counters

in the instrument being quenched at the instant Vhen t;Ae particle (of momentum

p, at zenith angle 0) passes through them, G is the average probability of a

particle not traversing an insensitive region in any co.Arter tray on its

passage through the instrument*

In the present case u 0. 88 and G - 0.56.

The function A (pe) is shown in Fig. 6.2o
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6.2 The ,Me•sured M=ntUm t !Ctr

The derived momentum spectra are shown in Figs. 6. - 6.7. In adaition

to the spectra expected for all pions as parents those for all kwas as

parents are also shown.

In Fig. 6.8 the data for the whole zenith angle range are collected

together and a histogram is plotted. The results show quite clearly that

except at the lowest energies there Is no evidence for a large fraction of

the sea level muons being derived frn kaons. Further discussion on this

point is deferred until the next Chapter.

6.3 The Positive-fNetive h.tio

The ratio of the numbers of positive to negative maons as a function

of muon energy is an important parameter, bearing as it does on the multi-

plicity of psrticles produced in high energ collisions. Tbe data from the

present experiment has been combined and the measured ratios have been found

as a function of muom energy at production.

The data are given in Table 6.1 and the ratios are plotted in Fig. 6.9.

Also shown in the figure are the recent results t Biyma and Wolfendale (1962);

these measurements were made viththe Vertical Spectrograph at Durbo and the

measured energies have been converted to energies at prodaction,

AlthOagh the statistical accuracy ot the present data Is low the zosults

are of importance in that they confirm the conclusion of Isy and Wolfeniao

that the ratio does not tend to unit* at least befWo several huadmel OeV.

ain fact vs InterWeted by those authors as showifn that the fluctuatlos

in the nultsplicity af hio a enra Picns Incease With icesasin eWWW.
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Energy Range Field A Field B
at production Poesitiv-lbastive

GeV JA Si" h rtio

10 - 20 3 67 96 . 2. 07 t 3. 57

20 - 30 33 95 84 24 1.24±+017

5o - 40 43 44 67 10 1.29 +0.60

4C - 55 45 62 64 54 05 O.3"O.t 0

55 - 5 46 41 514 i.6 130+O.4

75 -100 321 30 513.1 1.48±+0.26

IX - 50 28 2 5o 16 1.74t,. 0.36

15C - 200 15 11 15 U 1.27±0O.U

Table 6.1 7he Positi'ie-Neptive ratio as a Function of wn t

(A and B refer to opposite field directions)
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INPERnmTION UT 4

7. 1 Statement of'the Problew.

The. basic problem, is bo derive inforraation about the -characteristics off

high~nevrg nuclear interactions fr~m a comparison of the inclined and vertical

iuuou spe~ctra.~ Of the cbaacter~.sties a~ccessible to study, the most significant

i:-, the relatiLve produccdon it! the Lhirf ener~y colli.Aons off particles which

( give rit--e eventLvauy to maons. The most coaveri ent apprnach Is to take the

mniacure~i vertical spec .*rtu as tbe E-tarting -ooSfnt. wanU fr it to calclt th

prodauction spectra rA the parent 'particles/4ffferenG assumed. masses at these

particl~esý. The spectra are then uised to cal.e-1 '.e preJctedi spectra at lar~,e

zeniLh angles and, try cowpuisoi ,Ath the mo&ervel spectrum con~clusions can,,

Lt principle, be d~rawn atout the noit likeiy pax-ent particle (or combination

of particles).

Prior to the present work being carrie". ou?; it was not clear tbat the

Inclined muon spectrum was sensitive c~o the mas~ of the parent particles The

earl~y work at' Jakeman (1S56) shoawed that a large sensitivity e~xisted but the

values taken for the masses arA lifetimes af the relevant particles vereo at

tbat earlzy time,, necessarily iinpxecise. Pak et al. (1.961) Implied sni

(tivity, but quantitative etimaterc were not given. The theoretical s*Uldl

cc Allen and. Apostolakis Ili;-&): boweer., showea that the Inclined w~

should be cc psrstiveIly Insensitive to the miss of the parent:Pwr41c

(It Ij~ clear., then, that a detalld theoretical W *3..yeis t

? z

~O"T7



80.

It has been pointed out already (Chapter 1) that measurtnents of the

montum spectrum in the vertical direction have also been made by the Durham

Cosmic Hay Group. Of the direct measurements made to date the Durham data

(Gardener et a&1, 19621 Haymnu aad Wolfendale, 1962) are the most comprehensive

and, it is hoped, the most accurate. The data cn the intensities are given in

Tables 7- 1 and 7-2. It is necessary to point out that these data refer to

single particles which pass unaccompanied through the spectrograph. It is

likely that the fraction of muons lost through their being accompanied on

arrival at the Instrument is small at momentum below 100 GeV/c. At higher

mcuenta some appreciable bias must result but the overlap of this momentum

range with that covered bythe present eiperiments is smallU

7, The Production 8pectrum if baczrts in the Vertical Direction

Rather than calculate the production spectrum of the parent particles

directly from the measured sea level spectrum It is ccnvetentl to introduce

an intermediate stage, the 'mumn production spectrum' M(p) or N(R) (Althotuh

moemntum to the measured quantity it is conventional to work in term of

energy spectra; over the energy range considered where the particles are

relativistic I a pc ad, M(E) is umerically equal to P(p) If p Is expressed in

Sx enerm �Uats).

In deriving M(N) it is sufriclently accurate tv a&si a hMt the mmm are

generated at a unique belght in the atmosphere. Tiis simplification is poesible

because first order errors cancel when the same asumption Is made in going

from the muon pr•duction spectrum in an tnclined direction to the inclined muon

spectrua at sea level. Te resulting spectrum, M(N), is given in Tble 7.3;

also given are the factors entering into the calculation, vUz: the energy loss

in the atmosphere frcu the prr.•uction height (83 g. cm-, the medium height) to



Tabl~e 7.1 1t1ie Measurelt DU'fereti~ai Intensity of Vertical Cosm~ic Pamy-

Muous ase a Funetion of Mauentura over the Flange 5-1u(X) Gev/C

Methodi of Mntu Differentia], Intensitj Statistical error (*f)
measurement (GeV/c) (cai-2ýec-1stera17'(GeV/c)-1) (stand~ari.± ievia~tiou)

1 5-45 3.5 21 10" 4.,2

6.) 2. 44 . 10" 35.

7.45 1s-5 10- 2.8

10-8 ~&5J. ý 05 -

12.14 6,11 14 l-* 2.7

14.6 4,5. iu-6 2.6

51.3 5,85 1. 0- 2.6

42.3 2.88 Ure 3.c

56.11.2 (0 5

Ii 72.5 5. 75 10-7  8

88.i 3.27 l07 Sc

112 1.536 10--p 10

111 153 5.18 . 10a 18

094 1.84 .O' .1-470/ 420*t
* hl4Op normlmuXstou to 00Ipr Mau t~ trum.

E~ rror aftord1uw, to 1*0 W04 of b0
Proj3ctilp Mothoij., Mw~s dt S 1 + 8-

U! ~ ~ ~ ~ ~ ~ ~ 0 ý '4- J*k..1"*tr"Jtm..t.a6iTrU

-~~00
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Table 7.2 The Intensities and Values.- of 7r of the Differential Spectrum of

Vertical Cosmic Ray Muons at Standard Momenta over the Complete bxge

o. 4-1ooo GeV/c

Momentum Differential Intensity
(ceV/c) (car 2sec-'sterax-.(GeV/c)-,K 1A

o.4 2.58 lT' 3  -o.44

0. 5 2.85 - 10-' -o.16

0.7 2.80. 10-3 40.2?

1.0 *2.45 . 1o-'•. 4056

2.0 1.48 3

.0 8.73 -o"0' +1.42

5.0 3.7Z Ir0" +.1.76

7.0 2.05 . 10"4 ti. 96

10.0 1,02 . i0" +2.14

15 4.16 1-o +2.35

20 2.04 10 +2.48

30 7.20 . 10- +2.65

50 1.77. *o-- 06285

"TO 6.60 . io0- +2.98

100 2.25. 1C0- 7  4.10

150 6.28 . 10-0 4.322

200 2.40o. 10-" *.

300 6.10 . 1o- 4.338

500 1.12. 10- 4.347

700 30a. .0-040 4'*

1000 9.70. -Ural
* bzmliuod to the Inteniisty givon Of losul (3,9,48). At tor SSYM* WAUWNA&1m3 262



Table-T7.3 The Vertical Muon Production Mpctrum, WE()

Enerky at Survival Energy Correction Production
pro.,ia c Ion Probabili ty Loss Factor Spectrum, H(E)

(Gev) S(E) (GeV) FC(E) (cm-sec-4stemr1"Gr")

,o.20 o.86 7.75 x 10-

3.55 0.M6 2.05 0.85 4.76 x 10"s

4.1o 0 43 2.L'/ 0.oo1 3.14 x 1o-3

5.15 0.52 2.15 o.914 1.57 x 10o

7-2 j.64 2.25 .c6 5o271 x o-40

S.4o U°72 4.40 O.S 7 2-76 x 10-4

1 .50 'I', 2.50 u,8 127- x 10"

17.6& o.84 2.6o 1.Qo .5 x l-6

22.70 T.88 2.70 I°00 ?.35 x 1tý-

32.800 .92 2.8 1.00 7.84 x 10-6

52.90 0.55 2.50 1.00 1.86 x Ia-e

73-00 0.96 ,.Xo 1.30 6.87 x 10-7

103-1 0.57 3.10 1.00 2.32 x I0-7

153.3 o.•8 3-22 1.oo 6.4o x 1o-8

20).h4 U. q3 5. 4i 1.00 '15 xt U-4

( 3o0,8 0.99 3.75 1.00 6.16 x I0"9

501u4,3 1.0( 4.25 1.00 1.1L x 10"9

71•4.8 1.00 4.75 1.00 3.50 x 10o1

1,oo5.6 1.00 5.60 1oo 1.o x
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sea level, the survival probability, S(E), and the correction factor, F (E),
C

which allows for the vtariation of rate of ener&y loss wi.h energy.

7• • Unstable Particleý; . eyin. rise ro Muons

It was pointed oui in §in . that the objecs is to obtain information on

the relative frequenciu:s of prodaction of the various parents of the muons.

Of the known unstable lnrticles a large fraction Live rise to one or more

muons at sume stage in their decay sequence-. The most important decay

schemes are listed in Table T-4,, Also Liven are the relative abundances of

the decay modes and tbc, chara,-,teristic energy (minimum, maximum and mean) of

the resu-I.tinp. muons (The authors are indebted to Mr. JPL., Oeborne for this

Table "

It is clear from '"ble 7. 4 that U the euercy spectra of all the generated

particles (pions, kaons, hyperona! were the same then the majority of the muons

wouli come from pions, followe., by a smaller contribution from Mons and a

much smaller concribution from the hyperonso Consequently attention is directed

to the evaluation of the relative frequencies of production of pions and kaons.

In the case of the charged Kaon, the most frequent Aecay mose (58%

abundance) is

K 2  P + Y, with a lifetime of 1o22 x I0-8 sec.,

and this is also the mode which gives rise Wo the muons Of the highest energies.

The procedure to be followed is Go derive the sea level muon spectra

expected at large zenith angles for the tvo extreme cases of all pions and all

kmons, decaying in the X mode, and then to estimate the relative Importance

of K -production by ccmparison 01 the expected spectra with observation. The
02

relative Importance of charged kaons can then be found from the known abundance

of the K -mode
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Table 7• eSchemea W iviý. riLe t,.o Muons

Total energy as rrat. c ion of Parent
Stotal e ne r. y

artkicle De:ay Moune i a totaI E~rn E

D I Ewa

0 -* 1 04 573 .787

+~~c *58;1O46 525

K0.{ •t"• • I Io~ *~

it 3 _

" nQ0 i •. 022 .3146

-4 the tollowiuz 3 stage ..eca~ys•

( i?+i

* P 10', 4244 U3715?

n
.35-D 0238 15

E- stage P, 235 o022 .156

~64% Lvp it roo 15A* -t44 .503271

Kt,,21ý'P i~ Oi-.,o .233 .050 1.5

V 2stae p256o26 11r --- A V
K I. U•+ t + V, 4;.2 ~ i .

K°O Branching ratios not known

e* Ech p~x'ent givei 2 Ib ** each pa, nt 6ives O .262

e,-t.ch parent giver~ 1.64 i '/ each pmret gives
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705 Derivation of the Production shectra of Pions and K --mesons

Since the expected inclined sea level muon spectrum on the aueWqltion

of all pions as parents has already been calculated, it is not necessary

to carry through the K P2-calculations to sea level. Instead, all that is

necessary is to evaluate the expected muLo production spectra in inclined

directions for the two cases of pions and KX -mesons as parents and to

translate their comparison to sea level.

Various approximations are made in the anaysis, ptne most Laportant

being that the primary particles (protons) and the secondary nuclear inter-

acting particles are absorbed exponentially in the atmosphere with the se

absorption length (N a 120 go cm-e). The justification for thiseilue of A come

frcm the review by Sitte (1961) and Perkins (1961) on the attenuation of the

whole nuclear-active component in the atmospbereo The attenuation length is

9! pificantly greater than the interaction length cf p-ootons and pions, due

t' the caupaetive inelasticity of the high energy Interactions It is likely

that the interaction length for charged kaons in closely similar to that for

pi*)ns.

Use is made of the relation given by Barrett et al. (1952), betwen the

m production spectrum, M4 (9), and the production spectrum ofeie peaents

,r,'E/r), which assmeo a unique correspondence between the enurg of a man

and that of its parent particle (i.e. neglects the spread in energy on decay).

this relation is 7(E/r)

N (E) r (--

Mce rxR x 1  lZB
tiber B a, P z inthe mean lifetime of the parent particle of mass Umy

HII s the weighted scale height of the atmosphere, mA~r, is the effective

sinergy of the parent particles which give rise to muons of energ L. Oll



co3~C j)l. '±P~- C2 V.,. n. ~ ~E'r t a) ov

more a( m.-d. ue:Lj I'or h,.- c-preak. i,;; ieý5..'3 ýX LhXe ;AU!U1.ý in the (.eCay prcc:es

Tqe re.u 1-oIi.ý reiLa are deno ;ed- F,.~ F (/r)

The aU.'p:ý;e values tor 'A. iari~o:j iiaat IIJtiez. are,,

(i r~o~ '7 6 , 3 ~ Ge V

i K Rms~ ~ 3,B, ý51.7 GeV-

The dterived prCxUU;.ic.LOn arp-ct-'a for pioai, and K *-rnesc'nc are ii~ven in
112

PI&,. 74 1- '2-c' .Lii--Pe~o ~ nerj ý:I SPe LA'I caii .,a approxirmai4. >1

-rai ht line.3 of sbitple fiay ~ orm; rr h i n pri c.o

sectruan, r (E O, = W~2 ;o .,- ~ 13 I VI atý -,.or 11,-e K prod-ict-- o

G';ccxrum, F tEo F~5JDG

t' Th Mun rodue t i oi _ tca at La-qr eLq (i at h I~e

The muon production specua mn~ I)-1~5 ler-,.ve.u ir' a -3traikhtf'orwar.. way,

usini& equat4-ion (7A.' ra-diied !.o allow f~or .I-,e ebieci. Of 0 j-'iguity 0)./ U~

the value :if 8 appropriate to the zenith 0,~1 O At small zeri~ h ar~les

B (0'~ = B- sec U but at antles aoo)ve abou, 75 oe.cr .aeiepeso

is necessary,

NeglectiiiE, lecay spreua'*. thie ratio of' ;hze muon prodluc ti spec tra, for

the cases of all K. mesons) a~ad- rAJ, pions, as paren -s of che nmuons, follov~s

directly as
M5Ef< K(/rY r~ (1 E/B (0')

under the rame apprcacimation as for equation (7-1, sm~all corrections are

applied for the efIfee of decaj spreaU., and the ratio is ploýCte".k as a function

of B for various values of 0 in F19- T- 2- 31nce the subsequent history of the

muous does not depend. on the character of their parents the ratios show~n in

Fig, 7.2 are also the ratic~of the oft level MUaOU illtensities expected in the

two cases.

7 r-
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It is immediately apparent that the intensity of muons in Inclined

directions is sensitive to the nature of the parent particles, and, if

adequate statistical accaracy is available) the fractions of muons derived

from pious and knons can be determined.

7o7 Determination of the K/3 hatio from the Measurements of Inclined inctz.

7.7.1 The masurements st 800

The spectrum measured at 800 (Fig. 4o.5, p 38) has been converted to a

spectrum at production, and the intensities are compared in Fig. TO7 with

those expected on the basis of 100% pios or 100% K 4mesonses parents. Also

shown in the figure is the curve corresponding to equal production oa pious

and K -meaneo

It Is possible, by interpolation, to determine the fraction of K -mesoas

(F.) required to give agreement with experiment. It is clear from the figure

that there is no evidence for a large value of FK, in fact, the results am

not inconsistent with FK - 0 throughout. The derived values of Fl have signi-

ficance only for the two points of higbest energy mbere the statistical accuracy

is reasonable. The lnterpolat•.• values are given in Table To5. In this table

the errors in F7 have been increased to allow for the statistical errors

in the vertical anon. spectrum on vhlch the calculations are based.

T. T. 2 The maumnt in the &ag• 77.5 5-90°

A siilar treatment has been carried out for the measureamnts made vith

the flash-tubeectrogmph and the data of Figs. 6hve been combined to give

the ratios of saw Intensities at production given in FPig To7., A feature oa

the results ls that there Is some malous behaviour of the ratio at energies

belo 2D OeV; hoemver, this Is Just the region 'here there ar large comTctitol

for the effects of scattering Inte atuosorep, en*W lo08 in the nugnet, etc.
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It is considered thAt these anmlous values do not invalidate the conclu-

sione at hi& energies here only =all corrections are applied to the

data.

The interpolated values of FK are given in Table T.5

7.7.3 The !Measurements of Allenied Apoetolaklis (1261)

It has been remarked already that the only other mear nt at the mamentam

spectrum at very larg senith angles (>70°) is that by Allen and Apoetolakis

(1961). Since their results have not been analysed with respect to the

determination of the quantity P K this analysis is carried out here. Mw

data for the angular range 65O°8° bave been combined and the ratios of

observed to expected intensities of maone at production have been calculated

as a function at muon energ. y* se results are preselted In Fig. T75.

2he values Cc FK bave bewn found in the usul my and thse ar given in

Table 7o5.
7*7. I Conclusione from the meagre nt of Inclined Wect

The values at FK found in the three experiments are plotted Spinst

muon energ, for energies above 20 0eV, in Fige ".b;under the asewetoa

that YK does not vary with maca enera over the rweW 20 - 400 0eV, the data

can be combined with the result tbat 7 is les tban ,0.25. Ihis means tht
K

less than 25% at the sea level macme in this enwe rag are derived fVra

as decayin in the K -mode.

Thecalculations can be pmrsd a stage furter, by detmining the cowme-

pooling coatributaio from all char•pd kenna, from a kbaledg at thm relative

abund•e•ce of charge. bum at decay modes other t=.%K wA theIr elative

eficLency at Producing macm. 2 mest m ode is the Kn -s



Table 7.5•5K as a function cf muon energy at ,Foductin

Experiment Muon Energy FK(0ev)

Durhwn 8o0  36 0.25. o0.23

44 0.22 + 0.20

Durhamp, 775 - 90°0 28 >0o.66

U(5 <0.18

361 <0. 02

Allen and Apostolakis 28 <0.25

55 <0.72

1o8 <o.28
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(K 2 -• + i•o; abundance Y7') which has an efficiency of about 65; for a

product .on spectrum of the form ES'A The effect is to increase the upper

limit Ta FK to -39 that is, i-h-a ratio of all charged Iaons to charged

pionz plus !aons has a value lý3s than 0.5•

A further contributior to the ruen flux is expected from neutral kaons,

in parii_•isl.r through the FO-mo-le:

K n -" + n- (lifetime 1.0 x iO-3 sec)

At high energies .t is likely t1nat the frequencies of production of the four

states of the kaok, K-KKI , are equal and the result is th&.t the upper

;imit to FK is increased a little further.

The conclusion is that the *ratio of the production of all (charged) kaons

to all kaons plus pions 13 less than - 35 that is, the Kbn ratio is less than

-0. 55 for pion energies in the range 50-600 GeV, the correspondi. g range of

the primary protons being approximately 700 - 50,00O GeVo

7. 8 Comparison with 3ther observations

Conclusions about th? fraction of muons derived from kaons at lover

energies have been made from studies of the polarization of muons at sea level

and underground. A recent summary has been given by Wolfendale, (l562),

leading to the conclusion -hat KIn ratio is <0.3 for pion energies below 16 GeV

(muoD energies <12 GeV), a conclusion that comes mainly from the work of Bradt

and Clark (1962) and Alikhanyan et al. (1962). These indirect determinations

of the K/it ratio are consistent with the direct measurement of this quantity

in machine experiments. Thus,, von Dardel et al. (1960), using 25 GeV protons

frum the CEMI proton synchrotron, found a K+/÷t ratio in the range 0. 2 - 0.3

and a KC/" ratio in the range 0.04 - 0. 07, the results referring to secondary

particles af ener-jes _5 to 18 C'eV.
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At much _-15 ..ier v1gi& ,micL-o of co:ujc ray jets have shown that

the•• v K/i ratio i2 •siLL cO..ara... 3y law. Tlhus, Bcw.er et al. (1962)

find K4r it < 0. 'o•. the ran?! of e of "oroduced particles 50W) - 7,000 GeV.

Finally, iJ1 Fig. '°, the ii rut . nt:)s icnd by the various methods are

snown n adZi;;ion tb the er•.e• c•u~le f o-" the res'lting muons Fn estimate

i: xade of thit fox.c pr*mE;J.•y 1protonsý

7.( C onclusio':-E

The conc.u.a..,orn ; be drawL 1'ra- this work is That the ratio of the

nuia•er:,; of konz, to pitons of t"o saue enet--y) prodaced in proton-air

nocleur (oil-3:..o. s J!.ess than ( over ;hr rauge of proton energy TOO -

50,OQO0 GeV. Thk on ýo,'the:- iuit'a the rasu2. of other experiments it is

clever icýb.t th.•re is n-. ev idence f or r .apid igcrease in the K/x ratio over

an energy range ,f prbtry p;.otoziA e:ttending from a few GeV to some 500,000 GeV.

The type ci e .ment desccribed in his report is important in that

the coli•?asion 'ibout the K/I zati.o is made w`.h a, minimum of assumptions about

nuclear processes. La thi. respect it is superior to both the polarization

studies and the jet stuidies.

More extenwem. e.esurements on both the inc] inei spectrum and the

positive-negative ratio should enable closer limits to be put on the K/il

ratio and an examination to be meode of fluctuations in the multiplicity

of p-,duced particles at ultra-high energies,



APUMIX 1 List at Technical Notes, with Abstracts

No. 1 Variations at the Sea Level. Non Flux"

by P. V. O'Comor and A.VW. Wolfendale, 26 Janmury 1960

Abstract

The characteristics are described at a cosmic ray spectrcgraph ahich

uses. a solid iron .gzmt vith Geiger cow'ters as detecting elements. Vbe

instrumnt is being used to study the variations at the p-peson flux at sea

level, with direction and ties, as a function ot moseft-a

Prelimiary results am reported of the aasm tat the pressure

coefficient of the .-meson flux for three bends of momenta having median

values 2.9 0eV/c, i4.5 0eV/c and. &6 0eV/c. Using a simple cme-tern regression

formula the coresponding pressure coefficients are 0. 25% ob-, o0.15% ib and

0. 11% mb"4. Zee* values bear a contant ratio to the expected coefficients,

as vould be expected f ran an aallysis based on the known mechnim of the

propagaticn of comic rays and the properties at the atmosphere.

No. 2 Correlation t ,Intensity Chanis o the

ea level Nun Flux with Press. Chums

by P.V. O'Connor and A.W. Wolfendale, 15 July, 1961

Abstroct

A comic ray spectrograpb has been operated Mar saf level for an extended

period and intensity cban9eat the particle flux have been correlated with

cbhanes in the meteorological parameters. In particular, the variation Ca flux

with atmospberic pressure has been exaiined as a funtion at particle nmontom

In the mza- 2 - IL, C i/c. fte results shoe no evidence for any apprcable

departure from the theoretical predictions af Domn (195T)



N. Moment~um MeasuretuentG with a Codaaic SeeM

by'. Ashton, F-TVO'Connor and A.W. Wolfendale, ?5 July., 1s61.

Abý,truct

T1he ch~acteritici oi~ a co-mic; ray ispecixors~~pla whlcb u~..es a solidi

irnrj at.,ie.. a. thie teflec in, elemeat. baie alreaJy beta Jes-ý.ribe4 by

, 'Coninor and WolfIenJ~AJe (111G6G). The preseunt work conz3iiera t~he proo em

aC thbe accu~rate aeteruination A* £be mc~wnta of cosmic rays OeranLa

the inLurwent- In pairticular, thte magnetic andi s,.;ateri~n( 4ieflect~ionz,

of iiuoa4 are evaluatea.i i or ibe ca~e in which woe'wmit~ lose ina Lb1e iroin is

i6.1por'tan .

No. 4 Y-roprties ui the Earth r, Atuos here Relevanti. to the Inteo ~atioan

of Cosmic PlAW Exprnt

bay . Ashton 8Janua.ry., 1¶-ý62

-4

C'

`X ý
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Aendix 2 Atmospheric mass ae a function of zenith aog e

A requirem,-nt of cal,'-ulations on the propagation of cosmiu rays in bhe

atmosphere is the variation of atmospheric riassdth zenith engle and discance

fro:m sea level.

Calculations have been made using che 'stanJard' atmosphere given by

Rossi, (1952), which is sufficiently accurate for the range of atmospheric

depths of impc'rtance to cosmic ray p.opagatinn, with the results shown in

Figure A2. I and A2o 2s FilAre A2,, 1 shows the mass of atmosphere traversed

by a particle arriving at a pinzý distance S from sea level in the direc-

tion e, for a variety cd zenith angles. Figure A2.2 gives the total mass

traversed by a particle arriviag at sea level; also shown is the result

f cr the simplif ted case where the curvature of the earth is neglected

(flat earth approximation '• •t is seen that the aeparture from the approxi-

mate result occurs at about 800. 'n figure A2.3 the variation of the

quantity ) is plott~ed as a fPmction of x where p(x) is the air density

at atmospheric depth x, The we.ighted scale height of the atmosphere at

-zenith angle a is Liven by

r e x x

and this value can be found with the aid of Fig. A2.3.
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Appendlx •S Energy Loss in the Atmosphere

If E is the energy at ground leve± arnJ E the energy at the production
1 X 2

level then E = E + J dx. The upper lkmit of this integral for a given
2 1 O' dx

zenith angle Lorresponds ýo an atmospheric e~pLh of 120 gm cM- 2 and can be

found frca figure A2.2o %he variati,*n of the energy loss of muons in air

has been foundbymaking appropriate modifications to the equation given by
dE

Ashton (1961) for the energy loss of muons Ln iron. in figure A3.l, • is

plotted as a furction of F for three Iifferent air densities: corresponding

1o gr.und level, rhe priduct-Jon levels if muons in the vertical and in the

horizontal directions.

The survival probability of a muon betiween atmospheric deprhs x and x

at zenith angle e is given by

ex - { x m C 2

where m and T are the mass and rest lifetime of the muon.

The equation has been integrated numerically and the resulting

survival probability is given in Fig. A3.3.

(3

- . - -
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h~ngdia 1 Verification of the Scatterin gmCntw-nt

Coneideratice oC the tVeM Ct the Spectrograph (0) shons that, for

the maigetic Induction used In the experlmentsp the ratio of r...s. scattering
(

defleuios to gagnatic deflexion is 0.*0. As vs mentiomed in 0. -, It Is

possible to check this value# wnd to deteui•ne the manituide c the accoacy

of track location, by stuwding the varlation of the r.ens. value at the die

crepancy, x, (7ie. ALil) at the centre of the magnet, vith umentm&

In Fi. AM6i, x is given by x + £2 ' as + (y wb) *ere Vie first

two terms &ri fram scattering in the trays B and C end the f Inml teun arins

from scatter Ing In the img t.

2he distributions in a, and c are Gaussian8 with standard deviation 7.7

x 10-8 q4 radiums.
•e tsttb•on•n • -•)fo:llows from scattering thor:MMie distribution 'A (y 2

proability that a particle t aomntum p suffers en angular dleflexiom 0

(pjojcted engl), a a proWected displacement y in traversing t radiation

lengths is given by:

ju(t~yS*)drdo a{~ %~~ +u { *1.(( - O

mbeie &ewm end 2 a 21 KeY/c. (ftesiw ena aise, 19141).Bs a.-

From this eqiation the distribution In y . - Is foan to be a Oaussiam

vith stadard deviation 40, *er < Is +be r.a. s. pvjacted aza* ct

scatterlas in the nspet.

It fdloli thVt the distribution in x is Gaussian, With stsafard

deylatins



Fi 4 1 Satteluýof apartclein te msIae

an fls IUetas



U.2.

-cc o -P 2As : ÷ <e*> +x

= ~ (A 2o {0o0157 e 0.0o,2} + Xos

(in units of U.s.)

where xo is, as :In 057, the contribution from errors in track location.

The variation of '?x> with (6o)2, for particles at sufficient energy

for the energy loss in the magnet to be neglected, is shon In Fig. A. 2.

Also shovn is the theoretical line, dravn through the veighted man value,

found assuming K 0 050. The fit I-) the experimental pointqs is regarded as

sat isfactory.
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